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Temporally-modulated electron beams have a wide array of applications ranging from the gen-
eration of coherently-enhanced electromagnetic radiation to the resonant excitation of electromag-
netic wakefields in advanced-accelerator concepts. Likewise producing low-energy ultrashort mi-
crobunches could be useful for ultra-fast electron diffraction and new accelerator-based light-source
concepts. In this Letter we propose and experimentally demonstrate a passive microbunching tech-
nique capable of forming a picosecond bunch train at ∼ 6 MeV. The method relies on the excitation
of electromagnetic wakefields as the beam propagates through a dielectric-lined waveguide. Owing
to the non-ultrarelativistic nature of the beam, the induced energy modulation eventually converts
into a density modulation as the beam travels in a following free-space drift. The modulated beam
is further accelerated to ∼ 20 MeV while preserving the imparted density modulation.
PACS numbers: 29.27.-a, 41.85.-p, 41.75.Fr
Forefront applications of electron beams call for in-
creasingly precise spatio-temporal control over the beam
phase-space distribution. Beam-manipulation techniques
to tailor the distributions of electron bunches have flour-
ished over the last decade and include various degrees of
complexity [1–5]. Recently, methods to passively shape
the temporal (or current) distribution of an electron
beam have emerged [6–8]. In essence, this class of tech-
niques uses a dielectric-lined waveguide (DLW) to impart
an arbitrary time-energy correlation along an electron
bunch; subsequently a suitable beamline converts the in-
duced energy correlations into a temporal distribution
i.e. current profile. The techniques successfully demon-
strated so far [6, 8] were realized at relativistic energies
and use a dispersive section composed of a magnetic chi-
cane [9] to manipulate the current profile.
In this Letter we demonstrate that a DLW located
directly downstream of a photoemission electron source
supports the formation of a current-modulated beam over
a drift in free space, thereby avoiding a magnetic-based
dispersive section and associated dilution of the phase-
space distribution in the bending-plane degree of free-
dom [10]. The formed current-modulated beams could
be injected in a subsequent linear accelerator to allow for
further tailoring. Additionally, the availability of shaped
low-energy modulated beams [11] could have direct appli-
cation to THz light sources [12, 13] or ultra-fast electron
diffraction [14, 15].
In order to quantify the proposed self-bunching mecha-
nism, we model the electron bunch as a line-charge distri-
bution and analyze the dynamics of the electrons in the
longitudinal phase space (LPS) with coordinates (ζ, δ)
where ζ refers to the axial position of an electron with re-
spect to the bunch’s center and δ ≡ p/〈p〉−1 ' ∆pz/〈pz〉
is the fractional momentum offset of an electron; here 〈p〉
represents the bunch mean momentum (pz refers to the
longitudinal momentum). The axial field associated to
the wakefield generated by the electron bunch is given by
Ez(ζ) =
∫ ζ
−∞ Λ(ζ − ζ ′)
∑
n,m w
(m)
n cos(k
(m)
n ζ ′)dζ ′, where
the double sum is evaluated on the number of modes
n = 1, N categorized as monopole (m = 0) and dipole
(m = 1) modes supported by the DLW. The parame-
ters w
(m)
n and k
(m)
n are respectively the field amplitude
and wave vector associated to the mode (n,m), and
Λ(ζ) ≡ ∫ +∞−∞ dδΦ(ζ, δ) [here Φ(ζ, δ) is the LPS density
distribution] is the charge density with the total bunch
charge given by Q =
∫ +∞
−∞ dζΛ(ζ). For sake of simplicity
we only consider the dominant monopole (m = 0) mode
n = 1 and introduce w ≡ w(0)1 and k ≡ k(0)1 . As an exam-
ple we consider the case of a semi-Gaussian distribution
Λ(ζ) = Q√
2piσ2N [exp(−(ζ−µ)2/2σ2)Θ(ζ−µ)+Θ(−ζ+µ)]
where µ and σ > 0 are respectively the rising edge center
and rms width, N > 0 is a normalization constant, and
Θ() the Heaviside function. Upon satisfying the tran-
scendental condition, λ = 4piσ√
2
D(
√
2piσ
λ ) (with solution
σ ' 5λ), where D() is the Dawson function [16] and
λ ≡ 2pi/k is the mode wavelength, the wakefield reduces
to Ez(ζ) =
Q
N exp
(
− 2pi2σ2Nλ2
)
cos[k(ζ−µ)], Hence an ini-
tially smooth LPS distribution in (ζ0, δ0) [Fig. 1(b)] is en-
ergy modulated as it interacts with its wakefield over the
length l following δ0 → δd = δ0(ζ0) + eV/γ0 cos(kζ0 + ψ)
where γ0 is the Lorentz factor, ψ an arbitrary phase and
V the modulation potential (for the distribution above
V ≡ Ql/N and ψ ≡ −kµ); see Fig. 1(c). The subse-
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2quent transport of the beam through the downstream
drift space can be described by the linear transformation
ζ0 → ζf = ζ0 + ξδd where ξ ' −L/γ2f is the longitudi-
nal dispersion of a drift space with length L, and γf is
the Lorentz factor downstream of the DLW structure. A
proper choice of L and γf leads to the energy modulation
being converted into a density modulation at a given lo-
cation downstream [7] and the density modulation period
is equal to the mode wavelength ∆ζ ' λ; see Fig. 1(d).
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FIG. 1. Overview of the passive ballistic-bunching experiment
implemented at the PITZ facility (a), simulated evolutions of
the longitudinal-phase-space density distribution (ζ, δ) at the
different stages of the bunching process (b-d) with associated
current profile [Λ(ζ)], evolution of the transverse and longitu-
dinal emittances (e) and rms beam size (f) along the acceler-
ator beamline with (dashed trace) and without (solid trace)
DLW2 present, and development of the bunch current profile
[I(ζ)] along the beamline (g). Note that in plots (e) and (f)
the dashed and solid traces overlap for the transverse parame-
ters. The nominal parameters for these simulations are listed
in Tab. I for the case of DLW2. Values ζ > 0 correspond to
the head of the bunch.
The experiment was performed at the photoinjector
test facility at DESY in Zeuthen (PITZ) [17] diagrammed
TABLE I. Settings of accelerator parameters relevant to the
experiment. The listed value for the phases are offset with
respect to the maximum momentum gain phase.
parameter symbol nominal range unit
laser launch phase φl 0 – deg
laser spot radius rl 2 – mm
laser pulse duration Lt 13 [10, 20] ps
RF gun peak field E0 60 [45, 60] MV/m
linac phase ϕb 0 [-20, +10] deg
linac voltage Vb 14 [10, 18] MV
bunch charge Q 1.1 [0.020, 2] nC
beam momentum 〈p〉 21.8 [16, 22] MeV/c
DLW permittivity εr 4.41 − −
DLW1 inner radius a1 450± 50 − µm
DLW1 outer radius b1 550± 50 − µm
DLW1 length l1 50.0± 0.1 − mm
DLW2 inner radius a2 750± 50 − µm
DLW2 outer radius b2 900± 50 − µm
DLW2 length l2 80.0± 0.1 − mm
in Fig. 1(a). In brief, the ∼ 6.2 MeV/c electron bunches
are generated in an L-band (operating at a frequency
f = 1.3 GHz) radiofrequency (RF) photoemission elec-
tron source and directly focused into a DLW and further
transported in a drift space up to an L-band linear accel-
erator (linac) where they are nominally accelerated to a
final momentum of ∼ 20 MeV/c [18]. The RF gun com-
prises a high-quantum-efficiency Cesium Telluride pho-
tocathode illuminated by an ultraviolet laser pulse with
a super-Gaussian temporal distribution. The temporal
laser profile is produced via coherent pulse stacking us-
ing a Sˇolc filter [19] with settings optimized to minimize
density modulation on the electron beam. The DLW
is located zc = 1.71-m from the photocathode and the
solenoidal lenses surrounding the gun are tuned to fo-
cus the beam at the longitudinal center of the DLW. The
beam size at the center of the structure is measured to be
σ∗⊥ = 102±5 µm for a bunch charge of Q = 1.1±0.05 nC;
the measurement was made by placing a Ce:YAG screen
below the DLW holder on an actuator. Two DLW struc-
tures with different dimensions were available to our ex-
periment. Both structures consist of a hollow fused-silica
tube with its outer surface metalized with a copper layer
of ∼1 µm (DLW1) or contacted to an aluminum support
(DLW2). Downstream of the linac, a suite of beam diag-
nostics enables the measurement of the beam phase-space
distribution and associated parameters. The accelerator
settings relevant to the experiment along with the DLW
parameters are summarized in Tab. I.
In order to gain further insights on the experiment, we
performed supporting numerical simulations of the beam
dynamics using the program astra [20]. The software
solves the equation of motion for electron macroparti-
cles representing the bunch in the presence of externally-
applied user-defined electromagnetic fields. The pro-
gram also includes collective space-charge forces using
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FIG. 2. Simulated evolution of the compression factor |ξ|(z−
zc) along the beamline downstream of the DLW location for
different booster-linac accelerating voltage Vb (a) and final
LPS distribution obtained for the nominal accelerator settings
for the cases without DLW (b) and with DLW1 (c) or DLW2
(d) inserted along with corresponding current profiles (e).
a quasi-static mean-field treatment where the electro-
static field is computed in the bunch’s reference frame
using a particle-in-cell method; the Lorentz force in the
laboratory frame is obtained from a superposition of
the Lorentz-transformed space-charge and external fields.
The electron-beam dynamics in the DLW is modeled us-
ing a Green’s function approach detailed in Ref. [21].
The Green’s function is computed following the algo-
rithm presented in Ref. [22]; see Ref. [23] for the asso-
ciated software implementation. This model was used
to produce the sequence of LPS snapshots displayed
in Fig. 1(b-d) and was benchmarked against a first-
principle electrodynamics simulation performed with the
software, echo [24]. The corresponding beam param-
eters [root-mean square (rms) sizes, emittances εu ≡
1/(mc)[〈u2〉〈p2u〉−〈upu〉2]1/2 along the transverse (u =⊥)
and longitudinal (u = z) degrees of freedom] are dis-
played in Fig. 1(e-f) − the beam is cylindrical symmetric.
Additionally, the simulation allows for a numerical eval-
uation of the longitudinal dispersion taking into account
the acceleration ξ(z) =
∫ z
zc
dz′/γ2f (z
′) downstream of the
DLW (here z > zc = 1.71 m is the position along the
beamline). It is especially found that ξ increases slowly
downstream of the linac thereby effectively “freezing” the
current profile. The latter effect is also supported by the
evolution of the bunch current profile along the beam-
line; see Fig. 1(g). For completeness the evolution of
ξ along the beamline appear in Fig. 2(a) together with
the final LPS and current distribution obtained for the
various cases (no DLW, DLW1, and DLW2 inserted);
see Fig. 2(b-e). Additionally, the simulations were per-
formed with and without considering the effect of the
DLW and confirmed the minimal impact of the DLW on
the transverse phase-space parameters as quantified by
the negligible change on the transverse-emittance evolu-
tion; see Fig. 1(e). It should be pointed out that the
large transverse emittance excursions along the beamline
are the results of a non-optimum beamline configuration
for the experiment. In practice, an optimized implemen-
tation of the passive bunching technique will likely re-
quire additional focusing elements to control the beam
size downstream of the DLW and mitigate the transverse
emittance growth. Finally, the longitudinal emittance is
significantly increased at the DLW location due to the
imparted energy modulation. It is however worth noting
that the final longitudinal emittance downstream of the
linac is only increased by < 5% when the DLW is in-
cluded compared to the case with no DLW; see Fig. 1(e).
The backbone diagnostics is an S-band (f =
2.997 GHz) transverse deflecting structure (TDS) used
to streak the beam [25]. The TDS (z = 10.985 m), verti-
cally streaks the beam so that the vertical beam distribu-
tion measured on a Ce:YAG screen located ∼ 1.3 m from
the TDS centre is representative of the temporal bunch
distribution; the vertical coordinate of an electron is re-
lated to its axial position via y ' Sζ where the shearing
parameter S [26] is inferred from a beam-based calibra-
tion procedure. It should be noted that in the present
experiment the temporal resolution of the streaking was
limited to ∼ 0.5 ps. A more precise value accounted for
in the error analysis is obtained for each measurement
via a beam-based procedure.
The operating parameters of the RF gun and linac
were further tuned to optimize the bunching process.
Ultimately a ∼ 2-fold peak-current enhancement was
observed. The measured streaked density distributions
appear in Fig. 3(a-c) for the three cases under inves-
tigations (no DLW structure versus DLW1 or DLW2
structures inserted). The associated current profiles are
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FIG. 3. Measured Q(ζ, x) charge-density distribution without
DLW (a) and with DLW1 (b) or DLW2 (c) inserted, along
with associated current profiles I(ζ) (d). Locations of lo-
cal maxima for the current profiles measured with the DLW
structures inserted (e) and associated bunch form factors (f).
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FIG. 4. Simulated evolution of the LPS for booster linac in-
jection phases ϕb = −22.5◦ (a), 0◦ (b) and +22.5◦ (c). The
traces correspond to the peak-normalized charge distribution
as function of longitudinal (resp. energy) Λ(ζ) [resp. Λ′(δ)]
coordinate. Evolution of the charge distribution Λ′′(pz) for
different injection phases ϕb (d) with labeled lines referring
to phase settings associated with plots (a), (b) and (c). The
simulations are performed with DLW2 (similar results are ob-
tained with DLW1 albeit with a different modulation period).
displayed in Fig. 3(d) and indicate that peak currents
close to ∼ 90 A are attained when the beam is propa-
gated through a DLW. The observations are in qualita-
tive agreement with the simulated current profiles; see
Fig 2(e): similar current-enhancement factors are mea-
sured when the beam passes through one of the struc-
tures. The disagreement in absolute peak current is at-
tributed to the lack of precise knowledge of the initial
photocathode drive-laser temporal profile along with the
possible contributions from other wakefield source which
could change the overall correlation along the bunch and
correspondingly affect the peak currents. To further
quantify the origin of the observed modulation, the loca-
tions of the peaks ζm = mλ1+ζoff (where m is an integer
and ζoff an arbitrary offset) are measured and a linear
regression provides the wavelength of the modulation λ1
which is dominated by the fundamental mode supported
by the structure. The results of linear regressions give
λDLW11 = 1.01± 0.10 mm and λDLW21 = 1.81± 0.10 mm,
in good agreement with the expected fundamental-mode
wavelengths of λDLW11 = 1.02 ± 0.16 mm and λDLW21 =
1.58± 0.17 mm respectively; see Fig. 3(e). These values
are obtained by directly solving the dispersion equation
for the considered DLW with computed error bars ac-
counting for the fabrication uncertainties listed in Tab. I.
Finally, the individual peak durations can be further
quantified by computing the bunch form factor (BFF)
b(f) ∝ | ∫ +∞−∞ dtI(ζ/c)e−2pifζ/c|2 of the current profile in
the frequency (f) domain via a Fast Fourier Transform
(FFT) algorithm; see Fig. 3(f). When one of the DLWs
is inserted, the BFF displays the expected spectral en-
hancement at f1 ' c/λ1 and at some of the harmonics
frequencies fn = nf1 (where n is an integer). DLW1
especially yields a spectral enhancement at the 3rd har-
monic (f3 ' 1 THz) confirming the current modulations
have a duration τ < 1/f3 ' 1 ps, an upper value set by
the resolution of the TDS-based technique.
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FIG. 5. Mosaic image of measured LPS-distribution snap-
shots (a) for different settings of the booster linac injection
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operation (rows). Comparison of the simulated (traces) and
measured (symbols) modulation period along the longitudinal
∆ζ (b) and fractional energy ∆δ (c) coordinates. The shaded
areas reflect uncertainties in the simulated values.
An important capability of the experimental config-
uration is the longitudinal-phase-space control enabled
by the linac located downstream of the DLW, providing
control on the final bunching configuration. Operating
the linac off-crest provides a knob to introduce a corre-
lation between the time and energy coordinates. Dur-
ing acceleration through the booster linac the fractional
momentum spread evolves as δf → δb = (1/γb){γfδf +
Γb[cos(kbζf+ϕb)−cos(ϕb)]} ' (γf/γb)δf+Cζf where the
right-hand side approximation stems from the assump-
tion kbζ  1, and γb ≡ γf+Γb cos(ϕb) is the final Lorentz
factor downstream of the linac with Γb ≡ eVb/(mc2)
where Vb is the booster-linac accelerating voltage. The
booster wave-vector amplitude is kb = 27.3 m
−1. There-
fore off-crest (ϕb 6= 0) operation imposes a linear corre-
lation C ≡ −kbΓb/γb sinϕb within the LPS.
The introduced LPS correlation can be taken advan-
tage of to control, e.g., the energy of each microbunch
within the beam as demonstrated via numerical simu-
lations in Fig. 4. Given that the bunch is accelerated,
the longitudinal motion is unaffected by the phase of the
5booster and the temporal modulation is solely set by the
DLW parameters. To demonstrate this LPS-control fea-
ture, we further propagated the vertically-streaked beam
to a horizontally energy-dispersive beamline and mea-
sured the beam distribution on a downstream Ce:YAG
screen (z = 20.885 m). Under proper optimization, the
coordinates of an electron are given by y = S ′ζ (where
S ′ 6= S) and x = ηδ (where η ' 0.9 m is the dispersion
function at the observation point) thereby enabling a di-
rect measurement of the LPS density distribution. Figure
5(a) displays snapshots of the LPS-density distribution
measured for the three configurations and for four sets of
the booster-cavity phase and qualitatively illustrates the
control over the ζ − δ correlation along the bunch. The
LPS-measurement is limited and we therefore measure
the location of the LPS peaks value to infer the longitu-
dinal ∆ζ and energy ∆δ separations between the peaks;
see Fig. 5 (b,c). The data is in agreement with the simu-
lations and confirm that tuning the phase ϕb controls the
energy separation between the microbunches while not
affecting their longitudinal separation resulting in a tun-
able correlation between the microbunchs. Consequently,
the control enabled by φb together with the ability to in-
sert different structures provides a method to tailor the
microbunch energy and longitudinal spacings. Such a
versatile manipulation technique could have applications
to multi-color free-electron lasers [27] or ultra-fast elec-
tron diffraction.
In summary, we have demonstrated the basic features
of a simple method to passively form a modulated beam
by exploiting the beam-induced electromagnetic wake-
fields produced in a dielectric-lined waveguide; we note
the concept could work with other high-impedance medi-
ums also e.g. corrugated structures or plasmas. Al-
though our observation leads to a modest peak current
enhancement of a factor ∼ 2, our simulations indicate the
concept could in principle be applied to produce kA-class
peak currents in an optimized beamline [7]. Additionally,
for lower-energy beams and longer DLW structures, the
bunching may occur within the structure and yield the
emission of coherent Cherenkov radiation [28] akin to a
single-pass free-electron laser process [29]. The simplicity
and compactness of the demonstrated technique together
with its versatility (it can be coupled to any electron-
emission process) are appealing features that should mo-
tivate its implementation in compact electron sources be-
ing developed in support to fundamental research or var-
ious societal applications. Finally, it should be pointed
out that the method could be extended to compress a
larger portion of the bunch (instead of introducing a den-
sity modulation) by selecting a DLW structure with a
fundamental-mode wavelength comparable to the bunch
length [7].
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